Measurements of the vertical distribution of phytoplankton natural fluorescence in the equatorial Indian Ocean produced estimates of oceanic productivity ranging from 70 to 150 mg C-m' '.day-'. Vertical profiles of the water column revealed the presence of a distinct chlorophyll maximum which forms at or near the top of the thermocline at almost every station. Localized upwelling was observed in the vicinity of atolls which appears to be responsible for an island mass effect that may add to downstream oceanic productivity. There were no significant differences along an east and northward oceanic transect from 63" 20' E to 88" 56' E longitude. The estimates agree with previously reported production estimates for the Indian Ocean reinforcing the image of low and variable rates of production throughout the deep oceanic basin punctuated by localized islandinduced upwellings.
INTRODUCTION
Phytoplankton productivity initiates the pelagic food chain and is an essential component of the "biological pump" which plays a regulatory role in the partitioning of carbon between the atmosphere and the sea. Studies of global change, the possibility of greenhouse warming, and advances in remote sensing of phytoplankton chlorophyll have increased the demand for field estimates of oceanic production in remote oceanic regions to verify modeling and provide "ground truth" information. The cruise track of the SAV89 Expedition to the Seychelles presented just such an opportunity for the equatorial waters of the Indian Ocean including the Seychelles Bank and atolls, and deep pelagic provinces. Additionally, informationon the horizontal and vertical distribution of oceanic productivity might help to better understand the distribution of coral reef communities characteristic of the oligotrophic tropical waters of the Seychelles.
The Indian Ocean has not received the intense study characteristic of the Atlantic and Pacific Oceans. A base map for northern Indian Ocean productivity that was complied from all available expedition results by Kabanova (1%8), showed a wide range of values throughout the ocean basin. The analysis emphasized differences driven by southwest and northeast monsoonal seasonality with the highest production estimates occumng along the nearshore waters of the Arabian peninsula, the Indian subcontinent and Southeast Asia. An extension of the work showed that the pelagic regions are extremely oligotrophic with values ranging from 36 to 90 g~.m-2.yr-1 (Koblents-Mishke, Volkovinsky, and Kabanova, 1970) . This communication adds to this body of information by providing productivity estimates for equatorial waters of the Indian Ocean including the Seychelles Islands.
MATERIALS AND METHODS
The investigation used a newly developing technique of estimating primary production which is based on the in-situ optical properties of chlorophyll termed natural fluorescence. Phytoplankton natural fluorescence in the sea results from the solar-stimulated emission of chlorophyll in a narrow band centered at 683 nm. It has been used as a means of assessing the distribution and biomass of oceanic phytoplankton, and most recently for the estimation of rates of gross primary production. T h e level of natural fluorescence is related to the rate of light absorption by Photosystem 11, and calculations of GPP a r e based upon t h e assumption that the ratio of photosynthetic to fluorescence yields is a predictable function of light intensity (Kiefer et a1 1989 , Chamberlain et al. 1990 ). This new method is a passive, in-situ technique that does not interfere with the natural metabolism of the plankton and thus could possibly generate estimates of production that are different from those generated by traditional methodologies which rely on enclosed incubations.
Measurements of natural fluorescence (NF) were made with a prototype PNF300 natural fluorometer (Biospherical Instruments, San Diego, California) . The instrument measures surface and submarine light levels (PAR), temperature, pressure (depth), and upwelling radiance at 683 nm.
The spectral responsivity of the radiance sensor is closely matched to the spectral emission characteristics of chlorophyll. The natural chlorophyll fluorescence signal, termed Lu(chl), is the spectrally integrated radiance of a chlorophyll-like source (Chamberlain, et a1 1989) . The optical collector of the NF sensor views a conical volume of water beneath the instrument with an angle of acceptance of approximately 20 degrees. The calibrated instrument output is in units of quanta-m3%c-1, a volume function. Instrument output was recorded using a laptop computer (Zenith PC181).
The data were processed using software provided by Biospherical Instruments. Calculations included the diffuse attenuation coefficient, chlorophyll pigment concentration and production. Calculations of gross primary productivity (GPP) are reported in n m~. m '~-s e c -'
to signify the instantaneous nature of the measurement (refer to Chamberlain et al. 1990 ). Estimates of integrated water column GPP were calculated using the depth-binned data (0-130m) which was normalized to the average surface irradiance of all casts and then combined with dawn-to-dusk sunlight data recorded during a coral observation experiment t o provide estimates of daily water column production (mg~-m-2.day"), Vertical profiling casts were camed out by hand lowering the instrument from a platform located on the port side of the ship approximately 2 m above the sea surface. Hand lowering was very efficient with the time for a complete cast from the surface to 200 m taking less than 15 minutes. Care was taken to position the ship with the sun in full view at an angle that would not cast the ship's shadow into the cast path of the instrument.
Fifteen stations were occupied during the cruise. Three stations were carried out west of the Maldive Islands, three stations were within the Exclusive Economic Zone (EEZ) of the Seychelles, one while enroute from Aldabra t o the coast of Africa, and a series of 8 stations transecting the Indian Ocean on the return passage from Mahe to Singapore. This return track sampled the waters of the eastward flowing Equatorial Countercurrent west and east of the Maldives, and then traversed northeast, sampling equator waters at 80" E and, lastly, encountered the waters of the westward flowing North Equatorial Current. Thus, when taken in their entirety, the oceanographic stations sampled waters of both the North and South Equatorial Currents and the countercurrent spaced between the two, between east longitude 14" to 89". Hydrographic samples were collected with Nansen bottles at stations 8 through 15 allowing for a comparison of N F data with discrete chlorophyll, nutrient and some physical oceanographic data (Fig. 1 At Astove Atoll, in the southern waters of the Seychelles EEZ, a series of three vertical profiling casts were made from a small boat at distances of 200 m, 1.8 km, and 7.4 km from the island edge to investigate the island mass effect. A fourth cast, approximately 3 km to windward of Astove Atoll, was carried out from the R/V Akademik A rJesmevanov. An analysis of these data will be presented in greater detail in a forthcoming communication (Dustan, submitted) .
RESULTS
Virtually every cast made in the open sea displayed a similarly shaped profile consisting of a sharp drop in natural fluorescence within the upper mixed layer, followed by a subsurface N F maximum at or near the top of the thermocline, usually between 20 to 50 m, followed by a rapid decrease in signal into deeper water (Appendix 1). Estimates of surface chlorophyll derived from natural fluorescence ranged between 0.06 and 1.23 mg.m-3. Chlorophyll concentration was significantly correlated with shipboard measurements made using in-vivo fluorescence (r = .76, n= 43, P e0.01, Gol'd and Shatrov, unpublished, Table 2 ). Calculation of Kpar (diffuse attenuation coefficient for spherical irradiance) were consistently less than 0.1, often less than 0.06 at depths between 10 and 80 m (Appendix 1). Nutrient levels, especially nitrate and phosphate, were low, often below detection, in the surface mixed-layer. Deeper, levels were often elevated in the thermocline region (50 -75 m) which coincided with the position of the subsurface NF maximum (Table 2) . Natural Fluorescence estimates of water column primary production range from 75 to 150 mg ~-m -~. d a~-' (~i~ 2). Oceanic stations within the Seychelles EEZ did not show an increase in production over deep ocean stations. Interestingly, the highest and lowest values occurred at stations 12 and 13, that were within 75 nm of each other just north of the equator at 80 E. There was no correlation between integrated water column production and the depth of the chlorophyll maximum layer.
Vertical profiles often showed differences in the water column structure between the down and upcasts of a single profile. Data from stations 4,5, 13, and 15 exhibited vertical displacements of between 1 and 7 m between the down and upcasts in NF and temperature data. At stations 6 and 7, the vertical displacement was close to 30 m. These two stations occurred close to each other during a transit from Farquhar and Coetivity in over 3000 m with relatively calm conditions.
The profiles at Astove Atoll demonstrated how island mass can effect thevertical structure of the ocean. A thermal profile in ocean waters 7.4 km away from Astove Atoll showed a well-defined surface mixed-layer with a pronounced thermocline between 50 and 70 m (Fig. 3 ). This thermal structure was generally typical of profiles made in the Indian Ocean during this cruise (January to March 1989). The vertical distribution of temperature close t o the Atoll revealed an upward intrusion of deeper cooler water into the surface waters on the upwind (upcurrent) side of the island platform (Fig. 3) . There, the mixed-layer was poorly defined and the top of the thermocline was at approximately 30 m with a continuous decrease in temperature deeper. Closer to the atoll, just two hundred meters from the reefface, the temperature profile revealed a small temperature break at about 15 m and a more pronounced thermocline that began at 35 to 40 m.
On a SCUBA dive along the same reef face, divers experienced a series of temperature inversions as they descended through swirling water masses. A temperature profile obtained during this dive by handcarrying the natural fluorometer revealed an overall decrease in temperature with depth but with numerous temperature reversals. Temperatures recorded close to the reef face were cooler by 1 to 2 "C (26 to 28 "C) than temperatures recorded 1-4 m away from the reef face.
The thermal profile in the wake of the atoll, 1.8 km from the reef, was more variable and the thermocline poorly defined (Fig. 3) . Temperatures above 40 m were slightly cooler than the reef edge profile, and deeper they were slightly warmer to approximately 100 m, indicating strong vertical mixing and a breakdown of thermal stratification in the wake of the atoll.
The vertical distribution of gross primary production (GPP) at Astove Atoll tracked variation in the thermal profiles (Fig. 3) . The ocean station revealed a typical pelagic surface mixed layer approximately 55 m deep. The GPP signal decreased with depth and there was a subsurface maximum between 60 and 75 m near the top of the thermocline. The station to windward of the atoll, with a shallowing thermocline, exhibited decreased GPP at the surface and a broad subsurface maximum considerably shallower than the oceanic station (40 m). Close to the reef, the signal was higher and displayed a subsurface maximum that peaked sharply at 40 m, the upper edge of the thermocline. Gross primary production 1.8 km offshore was similar t o the reef station, with a pronounced subsurface maximum at 30 m that gradually decreased with depth. Production in the wake of Astove Atoll was slightly increased over oceanic values , although there was no replication of the casts due to time limitations. (Gol'd and Shatrov, unpublished) . Thus while the imagery was not coincident with ship data, the pigment levels are in general agreement (Dustan, submitted) .
DISCUSSION
Optical estimates of chlorophyll pigment concentration were consistently higher than shipboard estimates but within the levels expected for oligotrophic waters. The estimates were also consistent with bio-optical modeling of the diffuse attenuation coefficient (Smith and Baker 1978a , 1978b , Smith 1981 and satellite estimates of the region (Dustan submitted).
The estimates of integrated water column production in this report are in agreement with earlier published estimates of primary productivity that show the pelagic Indian Ocean to be oligotrophic. The range of values for daily production compare favorably to the lower end of the commonly accepted ranges for the Indian Ocean (Koblentz-Mishke 1970 in Lorenzen 1976 , F A 0 1976 , Kinne 1982 , Parsons and Takahashi 1984 . There did not appear to be any consistent pattern to the spatial variability of production. Seemingly significant variations often occurred during stations o r within short geographical distances indicative of oceanic mesoscale patchiness. Clearly more data are required to partition the variability between different oceanic provinces.
The vertical distribution of fluorescence showed a consistent maximum at or near the top of the thermocline. Nutrients, especially nitrate and phosphate, were frequently elevated in this depth range lending strength to the suggestion that the chlorophyll maximum layer forms in relation to the nutracline at the base of the mixed layer as suggested for other oceanic situations (Longhurst, 1981) .
The vertical displacement of features during casts is consistent with the passage of internal waves
The vertical displacement of features during casts is consistent with the passage of internal waves beneath the vessel. The prevailing winds and currents result in a westward propagation of internal waves until they meet an island or platform where shallowing might result in the upward vertical transport of nutrients into the photic zone through a variety of physical mechanisms. Breaking internal waves embedded within the stratified water column would provide added energy for mixing (Wunsch, 1972) through microstructure billow turbulence ( Woods and Wiley, 1972) . Satellite observations (CZCS-Coastal Zone Color Scanner) reveal distinct chlorophyll plumes trailing off to leeward of Seychelles atolls (Dustan, submitted) and a general increase in chlorophyll over the entire northern island platform encompassing the northern granitic islands. Such an island mass effect (sensu Doty and Oguri, 1956 ) would be enhanced by rainfall and subsequent nutrient runnoff in the high islands and would contribute significantly to the regional patchiness of phytoplankton production.
The data show that the reefs of the Seychelles Islands are bathed by clear oligotrophic waters having a relatively shallow thermocline, which combined with an island mass effect might help to explain the vertical depth distribution of corals on southern atolls. For example, at Astove Atoll, the corals ceased rather abruptly at approximately 30-45 m, even though the waters were very clear and algal species were abundant deeper. The episodic upward intrusion of cold water into the shallows would expose the reef community to temperatures close to or below their lower thermal tolerances, raising the possibility that the depth penetration of reef-building corals in the clear tropical waters of this region could be limited by low temperatures, not light availability.
The study of natural fluorescence by photosynthetic organisms in the sea is in its infancy. Natural fluorescence methodology may have application for rapidly assessing water column primary productivity when other more time consuming methods cannot be used. This could be most helpful in support of fisheries surveys and other sorts of environmental research where field support resources and time are limited. Island mass effect at Astove Atoll, Seychelles: Integrated water column productivity and vertical distribution of temperature and gross primary production. Upper bar chart shows integrated water column productivity normalized to identical surface light conditions recorded a t St. Joseph Atoll, Seychelles o n 3 March 1989. Vertical profiles of temperature and instantaneous in-situ gross primary production were recorded simultaneously using an Biospherical Instruments PNF Natural Fluorometer (PNF-300). See Materials and Methods for details.
APPENDIX
Data sheets for vertical profiles from stations 1-15. The graphical presentation of vertical distribution data plots all the points used in the software calculations. The variables are marked by letters that refer to the parameters listed in the legend of the horizontal axis. For example, the letter F refers to Natural Fluorescence and the letter T for Temperature.
The tabular presentation shows the data binned by depth. The coefficients used to calculate productivity and chlorophyll concentration are listed below the table.
The reader is referred to Chamberlain et al. 1990 1-7-1989 1734 scans P r o f i l e ended: 01-07-1989 14:32:12 U n i t s are meters, PAR: uE/m2, kPAR:l/meters, Temp Degrees C. D i f f u s e attenuation c o e f f i c i e n t f o r PAR (~~a t -1 i n l/meters, 15 p o i n t smooth. Natural Fluorescence i n nE/m2/s/str from chlorophyll, Producted production i n nM carbon/d/sec. Diffuse attenuation c o e f f i c i e n t for PAR (Kpar) i n l/meters, 15 point smooth. Natural Fluorescence i n nE/m2/s/str from chlorophyll, Producted production i n nM carbon/m3/sec. 03-11-1989 14:44:56 Units are meters, PAR: uE/mZ, kPAR:l/meters, Temp Degrees C. Diffuse attenuation c o e f f i c i e n t f o r PAR (Kpar) i n l/meters, 15 point smooth. Natural Fluorescence i n nE/m2/s/str from chlorophyll, Producted production i n nM carbon/m3/sec. ; w r i t t e n : 3-13-1989 1173 scans P r o f i l e began: 03-13-1989 13:01:52 -P r o f i l e ended: 03-13-1989 13:06:58 U n i t s are meters, PAR: uE/m2, kPAR:l/meters, Temp Degrees C. D i f f u s e attenuation c o e f f i c i e n t f o r PAR (Kpar) i n l h e t e r s , 15 p o i n t smooth. Natural Fluorescence i n nE/m2/s/str from chlorophyll, Producted production i n nH carbon/rn3/sec. ; w r i t t e n : 3-23-1989 1473 scans P r o f i l e ended: 03-23-1989 08:15:40 U n i t s a r e meters, PAR: uE/m2, kPAR:l/meters, Temp Degrees C. D i f f u s e a t t e n u a t i o n c o e f f i c i e n t f o r PAR (Kpar) i n l/rneters, 15 p o i n t smooth. Natural Fluorescence i n nE/m2/s/str from c h l o r o p h y l l , Producted production i n nM carbon/m3/sec. ; w r i t t e n : 3-24-1989 1068 scans P r o f i l e ended: 03-24-1989 14:04:45 U n i t s are meters, PAR: uE/m2, kPAR:l/meters, Temp Degrees C. D i f f u s e a t t e n u a t i o n c o e f f i c i e n t f o r PAR (Kpar) i n l h e t e r s , 15 p i n t smooth. Natural Fluorescence i n nE/m2/s/str from chlorophyll, Producted production i n nM carbon/d/sec. Chlorophyll (Chla) i s i n mg/m cubed assuming ac(PAR) = .04 and QE(F) = .045
22" Celsius
Production assumes: a(683)= .5, QE(C/F)= 2.4; kcf= 133 12.6215 t o 12.68707 B a t t e r y voltage range during p r o f i l e Prototype #1:1032 ( D e l r i n ) C a l i b r a t i o n o f 4/13/89
